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Three major sources of sediment to the LDW are (1) re-suspended bed sediment in the LDW, (2) lateral sources from land adjacent to the LDW, and (3) upstream sources that are transported by the Green River to the Duwamish River-LDW (the river changes names from Green River to Duwamish River at the Black River confluence at river kilometer [RKM] 18; fig. 1 ). The river originates in the Cascade Mountains and travels approximately 150 km through an increasingly developed watershed to Elliott Bay, Puget Sound, Washington. The Howard Hanson Dam located at RKM 103 regulates discharge primarily for flood control.
The Sediment Transport Model (STM) developed for the LDW by AECOM Technology Corporation estimates that, on average, more than 204,000 tons (185,000 metric tons) of sediment enters the LDW each year. Greater than 99 percent of the sediment originates at upstream sources, whereas approximately 0.5 percent originates from lateral sources, and 0.2 percent originates from bed sediment in the LDW (Lower Duwamish Waterway Group, 2008) . Additionally, the STM estimates that about 90 percent of the total bed area in the LDW will receive 10 cm of new sediment within 10 years or less. The contaminants of concern in the LDW (polychlorinated biphenyls, arsenic, dioxins/furans, and polycyclic aromatic hydrocarbons) tend to be sorbed to sediment rather than dissolved in water. Therefore, the sediment transport and loading dynamics from the Green River to the LDW will determine, in large part, the sediment recovery potential of remediated areas in the LDW.
Limited field data are available regarding sediment transport and loading dynamics from the Green River to the LDW. The STM estimated suspended-and bed-sediment loading into the LDW from upstream sources using grain size information and a flow-rating curve for the Green River based on discharge data from 1960 -80 and 1996 -98 (Santos and Stoner, 1972 Embrey and Frans, 2003) . The discharge data were from a U.S. Geological Survey (USGS) streamgage 12113000 (Green River near Auburn; hereinafter "USGS 12113000"), located more than 40 RKM upstream of the LDW. Flows at that streamgage were approximately 10 percent less than actual flows into the LDW because of additional inputs between the streamgage and the LDW (Lower Duwamish Waterway Group, 2008) . This resulted in estimated sediment loads that may have underestimated actual values by 20-25 percent (Lower Duwamish Waterway Group, 2008) . The sampling location for this study was USGS 12113390 (figs. 1 and 2). This sampling location has a private bridge that facilitates access to the river at about RKM 16.7, which is upstream of the estuarine environment but still in the tidally influenced section of the basin. Sampling at this streamgage minimized the potential for collection of re-suspended sediment from the LDW and transported upstream during high tides. 
Purpose and Scope
This report presents data, collected by the U.S. Geological Survey in cooperation with the Washington State Department of Ecology, from discrete sampling of suspended sediment at USGS streamgage 12113390 on the Duwamish River upstream of the LDW from November 2013 to January 2017. Regression models were developed between suspended-sediment concentration (SSC) and turbidity and between SSC and discharge to provide a continuous time-series of SSC and suspendedsediment loads (SSL) associated with upstream sources in the Green River to the LDW. In order to provide a complete continuous time series of SSC, it was necessary to estimate 15-minute discharge values during periods of missing record.
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Methods
Field Data Collection and Analysis
Discrete suspended-sediment samples and time-series data were collected for the study period. The following sections describe the techniques and methods that were used to collect the data.
Discrete Water Samples for Suspended-Sediment Concentration and Particle-Size Distribution
From February 2013 to January 2017, 35 discrete samples were collected at USGS streamgage 12113390 ( fig. 3A ) for the analysis of SSC (the mass of suspended sediment per volume of water, reported in milligrams per liter) and SSCFINES (the mass of suspended sediment with a particle diameter less than 0.0625 mm per volume of water, reported in milligrams per liter). Water samples were collected using the equal-discharge-increment (EDI) method (Edwards and Glysson, 1999 ) with a US D-96 sampler (Davis, 2001) . The sampler was lowered from the water surface to the bed and back to the water surface at a consistent transit rate to collect an isokinetic, depth-integrated sample (fig .  3B ). The process was repeated at four additional stations in the cross-section of equal discharge increments, and the five flow-integrated samples were composited into a single sample. Two sets of five samples ("A" and "B" set) were collected during each discrete sampling period, resulting in two composite samples per period. All samples were analyzed for SSC and particle-size distribution (including the percent of fine sediment) at the USGS Cascades Volcano Observatory Sediment Laboratory (CVO) in Vancouver, Washington, per USGS methods (Guy, 1969) . The average of the "A" and "B" set results was reported. Instantaneous turbidity was measured mid-depth in the river thalweg during discrete SSC sampling using a hand-held multi-parameter sonde (SonTek ® YSI 6920-V2-2). The sonde was calibrated with a Formazin-based standard before each sampling event, following methods by Wagner and others (2006) . All discrete data are stored in USGS's National Water Information System (NWIS) for public access and long-term storage (U.S. Geological Survey, 2017).
Time-Series Data of Turbidity, Discharge, and Stage
Continuous turbidity was recorded in Formazin Nephelometric Units (FNU) at USGS 12113390 from November 2013 through January 2017, with the exception of intermittent periods of instrument failure. Turbidity was measured using a Forest Technology Systems, Ltd., DTS-12 nephelometric turbidity sensor (Forest Technology Systems, Ltd.) enclosed in a bank-mounted, protective 2 in. × 20 ft metal pipe that extended into the river channel from the left bank ( fig. 3C ). This mounting arrangement allowed turbidity measurements in an actively flowing part of the river channel and decreased the likelihood of debris accumulation around the sensor face or on the mounting hardware. The sensor was operated and maintained according to USGS protocols for continuous waterquality instruments (Wagner and others, 2006) . The river cross-section at USGS 12113390 is wellmixed, with less than 2 FNU difference (often less than 0.5 FNU difference) between readings from the deployed sensor and readings from a hand-held sensor at multiple depths and locations along the cross-section. This was confirmed with four separate cross-sectional measurements during periods of low turbidity (<10 FNU). The time-series turbidity record was processed, reviewed, and approved for the entire period of record per USGS protocols for continuous water-quality data (Wagner and others, 2006) . Turbidity is reported as 15-minute values from November 2013 to January 2017 (https://waterdata.usgs.gov/nwis/inventory/?site_no=12113390). Conn and Black (2015) .
Continuous discharge was recorded in ft
3 /s at USGS streamgage 12113390 (https://waterdata.usgs.gov/nwis/inventory/?site_no=12113390) from November 2013 through January 2017, with the exception of intermittent periods of instrument failure. Discharge data were computed using the index-velocity method (Levesque and Oberg, 2012) , which is used for tidally influenced stations with both upstream and downstream direction of flow. Data from the co-located acoustic Doppler velocity meter (ADVM; fig. 3D ) was indexed to derive a mean velocity for the cross section. The indexed velocity was then used in conjunction with the stage-derived cross-sectional area to compute discharge at 15-minute intervals in the upstream and downstream direction past the tidally influenced station. The time-series stage and discharge records were processed, reviewed, and approved for the entire period of record (November 2013 through January 2017) per USGS protocols (Levesque and Oberg, 2012) . Prior to November 2013, discrete measurements of river streamflow were collected using an acoustic Doppler current profiler (ADCP) following standard USGS protocols described by Turnipseed and Sauer (2010) . All continuous data are stored in NWIS for public access and long-term storage (U.S. Geological Survey, 2017).
Regression Development
Four single logarithmic (base 10) regression models were developed (table 1) with the Surrogate Analysis and Index Developer (SAID) software (Domanski and others, 2015) using turbidity or discharge as the explanatory (x) variable and SSC or SSCFINES as the response (y) variable, per USGS methods (Rasmussen and others, 2009 ).
Both turbidity-and discharge-dependent regression models were developed from discrete SSC samples and either concurrently measured turbidity or discharge, calculated as the median of instantaneous values recorded during the sampling window (typically 30-60 minutes). When 15-minute turbidity data was unavailable, values were estimated from a linear regression with instantaneous turbidity measured with a hand-held sonde (SonTek ® YSI 6920-V2-2):
where Turbidity(DTS12) is the 15-minute turbidity measured by the deployed DTS-12 sensor, and Turbidity(YSI) is instantaneous turbidity measured from the bridge with the handheld SonTek ® YSI 6920-V2-2. There was a strong linear correlation with an R 2 of 0.998 ( fig. 4 ). When 15-minute discharge data was unavailable, discrete measurements of discharge with the ADCP were used instead. Details and statistical output are in the model archive summary for each regression (Senter and others, 2018) . 
Estimating Gaps for Time-Series Records
A continuous time-series record of turbidity and (or) discharge is needed to calculate continuous SSC and SSL. There was one long period of rejected turbidity data from September 28 to December 5, 2014, because of a slow optical failure of the turbidity sensor. The discharge record was used to calculate SSC during this period. Discharge also was missing during part of this period, from November 26 to December 5, 2014, because the ADVM was knocked askew by large debris during a high-flow event.
The preferred method to calculate a continuous record of SSC is to use a turbidity-SSC regression. When turbidity time-series data is missing, continuous SSC can be calculated based on a discharge-SSC regression instead. Missing data, or gaps, in the turbidity and discharge time-series records did occur periodically, and they were estimated following the procedural flowchart shown in figure 5 and described here. Some missing data occurred in short (≤6 hour) gaps because of erratic turbidity sensor readings (spikes) or sensor maintenance. For these gaps, a linear interpolation between the values before and after the gap was used to fill in the missing turbidity and discharge data. Stable conditions were indicated by similar turbidity and discharge values before and after the gap and indicated by similar values of other time-series data during the gap. All gaps of turbidity and discharge that were linear interpolated had either less than a 10 percent change between estimates or were during a period when turbidity was less than 10 FNU or discharge was less than 300 ft 3 /s. 
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A two-step process was used to fill the discharge gap between November 26 and December 5, 2014:
1. For stages 12.5 ft or more, discharge was estimated from a discharge-stage log10 regression: Linear regression between discharge at U.S. Geological Survey (USGS) streamgage 12113390 (Duwamish River at Golf Course at Tukwila, WA) and discharge at USGS streamgage 12113000 (Green River near Auburn, WA).
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A continuous record was produced using these two regressions to estimate discharge for this period of missing data ( fig. 8) . 
Results
River Discharge, Turbidity, and Sediment during the Study Period
Discharge at river kilometer 16.7 in the Duwamish River during the study period ranged from -1,390 ft 3 /s (the negative sign indicates flow in the upstream direction) to +11,100 ft 3 /s. The river flow is regulated by the Howard Hanson Dam located at RKM 103, and discharge is maintained between 300 and 12,000 ft 3 /s at USGS streamgage 12113000. Turbidity during the study period ranged from 1.3 to 260 FNU.
The 35 discrete samples of SSC and SSCFINES were collected over a representative range of river conditions, with discharge ranging from 83.9 to 7,650 ft 3 /s ( fig. 9 ) and turbidity ranging from 2.8 to 220 FNU ( fig. 10 ). SSC concentrations ranged from 6 to 555 mg/L, with a median SSC of 31 mg/L (table 2). The SSCFINES concentrations ranged from 5 to 383 mg/L (56 to 95 percent of SSC, respectively), with a median SSCFINES of 25.9 mg/L (table 2). 
Regression Results
Four regression models were used to compute 15-minute SSC and SSCFINES. The following describes each regression model in more detail.
Suspended-Sediment Concentration-Turbidity Regression
A log-transformed least-squares regression model for the relation between discrete samples of SSC and concurrently measured turbidity was selected based on analysis of diagnostic statistics and model residuals consistent with Rasmussen and others (2009) . Both the SSC-turbidity model and the log(SSC)-log(turbidity) model had high R 2 values (>0.9) and low standard errors. However, the variance of the residuals for the untransformed regression indicated a heteroscedastic pattern in which the variability of the residuals increased as estimated SSC values increased. The variance of the residuals for the log10-transformed regression indicated a homoscedastic pattern and a more normal distribution. This resulted in a higher probability plot correlation coefficient (0.991 versus 0.858) indicative of a correlation that meets the assumptions of a statistically valid regression model. The regression between log10 SSC and log10 turbidity was selected and had an R 2 of 0.952 ( fig. 11A ; table 1).
Suspended-Sediment Concentration Fines (Particles Less Than 0.0625 Millimeter in Diameter)-Turbidity Regression
Similar to the SSC-turbidity regression, both the untransformed and the log10 transformed regressions performed well for SSCFINES and turbidity, but the log10 transformed regression was selected based on the more normal distribution of the variance of the residuals, as indicated by a higher probability plot correlation coefficient (0.992 vs. 0.932). The regression between log10 SSCFINES and log10 turbidity had an R 2 of 0.936 ( fig. 11B ; table 1).
Suspended-Sediment Concentration-Discharge Regression
The regression between log10 SSC and log10 discharge was selected based on the more normal distribution of the variance of the residuals, as indicated by a higher probability plot correlation coefficient (0.984 versus 0.966). The R 2 for this model was 0.584 ( fig. 11C ; table 1).
Suspended-Sediment Concentration (Particles Less Than 0.0625 Millimeter in Diameter)-Discharge Regression
Similar to the SSC-discharge regression, the regression between log10 SSCFINES and log10 discharge was selected based on the more normal distribution of the variance of the residuals, as indicated by a higher probability plot correlation coefficient (0.988 versus 0.965). The log10 transformed regression was selected and had an R 2 of 0.539 ( fig. 11D ; table 1). At very low discharge in both downstream and upstream (-) directions, between 218 and -218 ft 3 /s, the regression models computed SSC values that were less than the corresponding SSCFINES values, which does not make physical sense. This is a limitation of using discharge as the surrogate to compute suspended-sediment concentrations. However, the impact to the overall load estimates was very minimal. For the entire period of record, the amount of SSLFINES load that was more than the paired SSL total load was 0.022-0.042 tons in the downstream direction and 0.02 ton in the upstream direction-which is insignificant considering the total load for the study period (371,000 tons). The upper and lower 90 percent confidence bounds (U90, L90) for the regression models further show the advantage of using turbidity, rather than discharge, to compute SSC ( fig. 11 ). 
Time-Series Suspended-Sediment Concentration and Load Calculations
When turbidity data were available (93.5 percent of time), an otherwise continuous 15-minute record of SSC from November 2013 through January 2017 was determined from the log10 SSC-log10 turbidity regression and corrected for bias resulting from the log transformation (Helsel and Hirsch, 2002; Rasmussen, 2009) . During periods when turbidity data were missing (December 4, 2013; September 28-December 5, 2014; September 22-24, 2015; April 16-17, 2016; July 24-25, 2016; and September 15-19, 2016) , the log10 SSC-log10 Q regression was applied and similarly corrected for transformation bias.
The resulting SSC time-series is in Senter and others (2018) . During the 1,160-day study period, the calculated 15-minute SSC ranged from a minimum of less than 1 mg/L to a maximum of 872 mg/L, with a median of 9.5 mg/L. The SSC values were converted to 15-minute suspendedsediment loads (SSL) by multiplying SSC and discharge for each 15-minute time step. The total SSL during the 1,160-day study period was 371,000 tons (336,000 metric tons), resulting in an average of 319 tons/d (289 metric tons/d) and 117,000 tons/yr (106,000 metric tons/yr).
The process was repeated to determine a continuous record of SSCFINES (at 15-minute interval) for the same period of record. The resulting SSCFINES time-series is reported in Senter and others (2018) . During the 1,160-day study period, the calculated SSCFINES ranged from a minimum of less than 1 mg/L to a maximum of 600 mg/L, with a median of 7.7 mg/L. The SSCFINES values were converted to 15-minute fine suspended-sediment loads (SSLFINES). The total SSLFINES during the 1,160-day study period was 273,000 tons (247,000 metric tons), resulting in an average of 235 tons/d (213 metric tons/d) and 85,800 tons/yr (77,800 metric tons/yr). On average, approximately 74 percent of the total suspended-sediment load was comprised of fine particles less than 0.0625 mm in diameter.
The majority of the average annual SSL (97 percent) occurred during the wet season of the year, from October 16 to April 15. During the 1,160-day study period, there were 455 days when, at some time during the day, there was negative load (suspended-sediment load moving in the upstream direction). The majority of the days in which upstream load was present occurred during the dry season, when there are significantly lower SSCs. Therefore, the total calculated SSL in the upstream direction was only 415 tons (376 metric tons), resulting in an average of 131 tons/yr (119 metric tons/yr), or 0.001 percent of the total suspended-sediment load.
Comparison to Previous Sediment Load Estimates
The 3-year average annual sediment load estimate (117,000 tons/yr) is within the range of previously-reported estimates of sediment load, which have ranged from approximately 50,000 to 500,000 tons/yr, because of large inter-annual variability in discharge and suspended-sediment concentration (Embrey and Frans, 2003; Lower Duwamish Waterway Group, 2008; Gries and Sloan, 2009 ). The new estimate may better represent current river conditions because:
Discrete and time-series data were collected in 2013-17, whereas previous estimates were based on data collected in the 1960s and 1990s. Particularly, discrete water samples for SSC were collected using isokinetic depth-and flow-integrated techniques, including large-volume (5-15 L) replicate ("A" and "B" set) samples for an averaged result. Samples from the 1960s were daily singlevertical samples. Samples from the 1990s were a single 1-L sample split from an isokinetic depth-and width-integrated composite.
• Previous estimates were based on regressions with discharge from the streamgage at RKM 48, USGS streamgage 12113000. For example, the discharge parameter used in the Embrey and Frans (2003) regression for estimating SSL was based on a relation between discrete measurements of discharge at USGS streamgage 12113390 in Tukwila and continuous discharge at USGS streamgage 12113000 in Auburn. The current estimate is based on regressions with turbidity (unless it was unavailable), which is a better surrogate for SSC than discharge (as indicated by improved model performance, see Senter and others, 2018) . Loads also were calculated with discharge in Tukwila (RKM 16.7), which is closer to the LDW and has discharge values approximately 15 percent higher than at the Auburn streamgage.
• The sediment load accounts for upstream loading in the tidally influenced portion of the river (total = downstream -upstream). Although the upstream load is negligible (<0.01 years) at the sampling station (RKM 16.7), the results highlight the frequency and extent of tidal influence in the river (backwater conditions on approximately 41 percent of days each year). A remaining data gap is the contribution of the upstream load to the total sediment load at the LDW boundary (RKM 8).
This report captures 3 complete calendar years (2014-16) of sediment load estimates. The years within the study period appear to be a good representation of historic conditions ( fig. 12) . However, the combination of drought conditions from March to November 2015 and the magnitude and frequency of high-flow events that occurred from November through December 2015 could explain the significantly higher SSL computed for 2015. Because of the significant difference in computed loads based on seasonality, annual load estimates should be calculated by averaging the estimates of each individual year, rather than extrapolating daily averages from the entire study period. Calculating each of the complete calendar years (2014-16) gives a total SSL of 97,200 tons (2014), 190,000 tons (2015) , and 65,000 tons (2016). The average annual load of the 3 years gives a total SSL of 117,000 tons. This study does not capture long-term decadal weather patterns that influence the Pacific Northwest (for example, El Nino/La Nina).This also is an estimate of suspended-sediment load, and does not include a separate estimate of bedload transport, which is highly variable and may contribute a large additional sediment load under high-flow conditions. Figure 12 . Daily mean discharge for study period with overlapping historical mean daily discharge, U.S. Geological Survey streamgage 12113000 (Green River near Auburn, WA), Washington.
Summary
Between February 2013 and January 2017, the U.S. Geological Survey, in cooperation with the Washington State Department of Ecology, collected discrete and time-series data to estimate continuous SSC and SSL to the LDW from upstream sources transported by the Green River, Washington. The estimate for the 3-year average annual SSL for this study is 117,000 tons (106,000 metric tons) and 86,200 tons (78,200 metric tons) for average annual SSLFINES. Targeted sampling periods for suspended-sediment sampling were during heavy rainfall events, large dam releases, as well as typical conditions, when there were neither heavy rainfall events nor large dam releases. Streamflow and suspended-sediment concentrations were highest from October 16 to April 15 of each year.
